Hydrothermal characteristics of the water-Al2O3 nanofluid are numerically evaluated in shelland-tube heat exchanger equipped with helical baffles using the two-phase mixture model. Heat transfer and pressure drop increase by increasing nanoparticle concentration and baffle overlapping, and decreasing helix angle. At smaller helix angles, changing the overlapping is more effective on the convective heat transfer coefficient and the pressure drop. Neural network is used for modeling, and based on the test data, the model predicts the convective heat transfer coefficient and the pressure drop with MRE values of about 0.089% and 0.65%, respectively. In order to obtain conditions of effective parameters which cause maximum heat transfer along with minimum pressure drop, optimization is performed on the neural network model using both two-1 objective and single-objective approaches. 15 optimal states obtain from two-objective optimization. The results obtained from single-objective optimization indicate that even when a low pressure drop is significantly important for designer, nanofluids with high concentrations can be employed. Meanwhile, when both high heat transfer and low pressure drop are important, a small helix angle can be used. In addition, using large overlapping is recommended only when the heat transfer enhancement is considerably more important than the reduction of the pressure drop. 
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Keywords: Nanofluid, two-phase mixture model, heat exchanger, helical baffles, optimization Due to the size effect and Brownian motion of the nanoparticles in the base fluid, nanofluids exhibit proper stability compared to conventional suspensions with micro-or milli-sized solid particles. In addition, numerous studies have been carried out to improve the stability of nanofluids and to prevent two phenomena which are critical to the stability of nanofluid, i.e.
aggregation and sedimentation [6, 7] . Having this in mind, nanofluids have attracted the attention of many researchers, particularly in the field of thermal engineering [8] [9] [10] . while the latter provides the possibility of understanding the interaction between the fluid phase and solid particles in the flow and heat transfer process. In single-phase approach, which is simpler and requires less computational time, the effective properties of nanofluids are taken into account to solve the conservation equations and most studies have benefitted from this approach to numerically simulate the flow and heat transfer of nanofluids [11] [12] [13] . However, due to several factors such as gravity, friction between the fluid and solid particles, Brownian force, sedimentation and so forth, not considering the interaction between the base fluid and nanoparticles can lead to error in numerical simulation. Therefore, as demonstrated by
Haghshenas Fard et al. [14] , two-phase approaches can better model nanofluids behavior. In addition, the numerical and experimental results of the study conducted by Bahiraei and Hosseinalipour [15] using the two-phase Euler-Lagrange method, and Naphon and Nakharintr [16] using the two-phase mixture model indicated that these methods present results very close to those of experiments. Just a limited number of studies have been launched using two-phase methods. Bahremand et al. [17] analyzed the turbulent flow of water-silver nanofluid in helically coiled tubes under constant wall heat flux. They applied the two-phase Euler-Lagrange approach along with an RNG k-ε turbulence model accounting for four-way coupling collisions. It was observed that the two-phase approach predicts the results much more accurately in comparison with the homogeneous model. Narrein et al. [18] performed a three-dimensional numerical simulation using the two-phase mixture model with modified effective thermal conductivity and viscosity equations to investigate nanofluid flow in a helical microchannel heat sink. It was stated that such numerical analysis provides a unique fundamental insight into the complex secondary flow pattern in the channel due to curvature effects.
A review on the existing literature indicates that most studies in the field of heat transfer enhancement using nanofluids have been conducted in simple geometries such as circular tubes, annuli and straight channels. However, the thermal systems which are used in industries, such as various types of heat exchangers, are far more complicated than the above mentioned geometries. Very few studies have assessed the effect of using nanofluids in different heat exchangers. Khoshvaght-Aliabadi [19] experimentally assessed the effects of vortex-generator (VG) and Cu-water nanofluid flow on the performance of plate-fin heat exchangers. It was observed that utilizing the VG channel instead of the plain channel remarkably enhances the heat transfer rate. In addition, it was concluded that application of VG is more effective than the using nanofluid on the performance of plate-fin heat exchangers, and the combination of the two heat transfer enhancement techniques has a noticeably high hydrothermal performance. Durga Prasad et al. [20] performed an experimental study to analyze on the heat transfer performance of nanofluid in a double pipe U-bend heat exchanger. Two methods of heat transfer augmentation were considered, i.e. active method by providing a bend in the test tube, and passive method using nanofluid as well as helical tape inserts. In the active method, about 5% heat transfer enhancement was observed for water flowing in a heat exchanger at Re=30000, while the enhancement was 8.7% for the case of using nanofluid with 3% concentration.
Shell-and-Tube Heat Exchangers (STHXs) are one of the mostly used types of heat exchangers in industry. Some studies have been conducted so far to investigate the effect of using nanofluids in such heat exchangers [21] [22] [23] [24] [25] [26] [27] [28] . Shahrul et al. [29] investigated thermal performance of a STHX operated with nanofluids flowing in the tube-side at different mass flow rates. Different nanoparticles suspended in water at 0.03 volume fractions were considered. It is found that, for a certain mass flow rate of tube-side and shell-side fluid, the highest heat transfer coefficient belongs to Al2O3-water nanofluid and the lowest to CuO-water nanofluid. However, maximum energy effectiveness improvement took place by 43% for ZnO-water nanofluid, while the minimum improvement of 31% happened for Al2O3-water nanofluid. Farajollahi et al. [30] investigated the effects of Peclet number, nanoparticles concentration and particle type on heat factor, but no considerable change was observed in the friction factor by increasing the volume fraction at a constant Reynolds number. In this study, the authors applied the single-phase approach in the simulation. In addition, the investigation was carried out at constant geometrical parameters (i.e. constant overlapping and helix angle).
Baffles are key shell-side components of STHXs which conduct the shell-side flow perpendicular to the tubes in addition to supporting the tubes bundle. Most commonly used baffles in STHXs are segmental ones which force the shell-side flow to move along a zigzag pattern to enhance heat transfer. Using segmental baffles has major problems such as causing dead zones in each compartment between two adjacent segmental baffles and consequently, increase in fouling resistance, and also high risk of vibration failure on tube bundle due to drastic zigzag flow pattern. It has been a while since helical baffles have been suggested as a substitute for segmental baffles [32] [33] [34] , which reduces the mentioned issues to a great extent.
Regarding the fact that traditional thermal management methods cannot meet the incremental advancement in industries, and also the great potential of nanofluids for heat transfer improvement, more research and studies in this field are strongly felt, particularly on their application in different thermal systems which are practically used in various industries. Further investigations in this field can not only give us the comprehensive insight into nanofluids behavior as novel heat transfer fluids, but also prepare the ground for achieving practical models to be used in industries in near future. In addition, previous studies on the application of nanofluids in STHXs have been conducted in those with conventional segmental baffles the drawbacks of which have been mentioned above. Having these in mind as well as high accuracy of two-phase methods, this study aims to apply the two-phase mixture model in order to numerically investigate the application of nanofluids in the STHX equipped with helical baffles.
The effect of different parameters such as the nanofluid concentration as well as geometrical features of the heat exchanger on the hydrothermal characteristics is assessed. Eventually, regarding the increased demand for reducing energy consumption, optimization is performed in order to find optimal cases which provide the maximum heat transfer along with the minimum pressure drop. To our knowledge, the present study is the first report in which the optimal conditions for use of nanofluids in STHX with helical baffles are evaluated.
Methodology

Definition of geometry
The solution was done for the shell-side of the heat exchanger that has been equipped with helical baffles. The main reason for using such baffles is to overcome the major drawbacks of conventional segmental baffles as discussed above, and at the same time, providing effective mixing in the fluid flowing through the shell-side. To imagine the domain under study, one can consider four quarters of an ellipse with inclined arrangement such that: (1) they could be embedded inside a circle; and (2) flow could be directed towards the next baffle after striking them. It means that the quadrant located at the first quarter of coordinates, guides the flow through the second quarter; the one at the second quarter guides the flow towards the third quarter; and so on. Having passed all four quarters of the coordinate, the flow will traverse a period and return back to its first place. This is the basic principle of helical baffles which forms a rotational pattern for the flow (Fig. 1 ).
The effect of helix angle, overlapping of two consecutive baffles, and nanoparticle concentration is considered in this contribution. Helix angle is the angle between the normal line of the circular sector-shaped plates and the axis of the heat exchanger. Baffle pitch (i.e., length of a period) is the distance between two similar points from two similar baffles. It should be noted that overlapping (s) is related to baffle pitch (p) by the following equation:
where D represents internal diameter of the shell and β is helix angle.
Helix angle and overlapping have been depicted in Fig. 1 .
Since the aim is to examine the effect of geometrical parameters and nanoparticle concentration on heat transfer and pressure drop, solutions were carried out at a constant mass flow rate (3.54 kg/s). Specifications of the heat exchanger under study are presented in Table 1 . The waterAl2O3 nanofluid was used as the working fluid, and the properties of the base fluid and the nanoparticles have been presented in Table 2 . The inlet temperature was considered 340 K in this study with the tubes surface temperature being 295 K. Moreover, the selected material for baffles and shell of the heat exchanger was stainless steel with thermal conductivity of 15.2 W/m.K.
Two-phase mixture model
The two-phase mixture model is used to simulate forced convection of the water-Al2O3 nanofluid in the STHX with helical baffles. In this approach, which has been shown to be more accurate in prediction of nanofluids behavior than the homogenous single-phase method [35, 36] , it is assumed that the coupling between the phases is strong. Also, each phase has its own velocity field and the relative velocity between the phases is taken into account in this method.
Considering these assumptions, the conservation equations are as below:
Volume fraction:
where ( )
In Eqs. (2)- (6) subscripts m, p and f refer to mixture, particle and base fluid, respectively. In addition, ρ, v, μ, φ, cp, k, P and T denote density, velocity, dynamic viscosity, concentration, specific heat, thermal conductivity, pressure and temperature, respectively.
In Eq. (3), vdr,p is the drift velocity for the secondary phase (i.e., nanoparticles) and is defined as below:
The slip velocity (relative velocity) is the velocity of the secondary phase (p) relative to the velocity of the primary phase (f): (8) and the relation between the drift velocity and the relative velocity is as below:
Considering buoyancy force and Stokes drag for the sub-micron particles, the relative velocity is determined from the equation below:
The acceleration in Eq. (10) is evaluated by:
Moreover, dp is the particle diameter and Cc is Cunningham correction factor to Stokes drag law which can be extracted from:
where λ represents molecular mean free path for the base fluid, and in this problem, it is considered 0.17 nm for water.
Eq. (13) is utilized for density of the nanofluid.
(1 )
A temperature-dependent model is used for thermal conductivity, which is taken into account the effect of Brownian motion [37] : 
where kB and αf are Boltzmann constant and thermal diffusivity of the base fluid, respectively, while f d represents molecule size of the base fluid.
Meanwhile, the temperature-dependent model proposed by Masoumi et al. [38] is used to calculate viscosity of the nanofluid as follows:
where δ and VB denote distance between the particles and the Brownian velocity of the nanoparticles, respectively. They can be obtained from equations below: 
Boundary conditions
The flow regime is turbulent with a mass flow rate of 3.54 kg/s. The flow pattern repeats at each period due to the existence of an iterative geometry. Therefore, periodic boundary condition is considered for input and output domains of the calculations. This is significantly important in reducing time and cost of calculations. The equations to satisfy this boundary condition are given as below: 
where u, v and w are velocity components in the three coordinates.
By a suitable scaling of the fluid temperature for periodically fully developed heat transfer with boundary condition of constant wall temperature: .
Considering the periodic condition:
Furthermore, shell wall is considered to be adiabatic while boundary condition of constant temperature is implemented on the walls of the tubes.
Definition of parameters
Two parameters namely pressure drop and convective heat transfer coefficient were used to analyze the performance of the STHX.
Convective heat transfer coefficient is defined as below:
where Q is the rate of heat transfer and is evaluated from the equation below:
where m  is the mass flow rate.
Since the heat transfer takes place from surface of the tubes, area of the tubes or heat exchange area (As in Eq. (23)) is calculated as below: s A n dp
where n and d denote the number and diameter of tubes, respectively.
ΔTave is the log mean temperature difference which is given by the following equation [39] :
Numerical method and validation
A set of 3D coupled non-linear differential equations was discretized using the control volume technique. Grids with different meshes were examined to ensure the grid independency and finer meshing was used around the tubes due to existence of strong temperature and velocity gradients in these regions (Fig. 2) . QUICK method was used to solve the convection term, while SIMPLE method was adopted for velocity-pressure coupling. RNG k-ε model has been utilized for modeling since it is able to model near-wall flows as well as flows with high streamline curvature. To validate the numerical approach, the convective heat transfer coefficient obtained from current simulation method was compared with the one obtained from the experimental work of Esmaeilzadeh et al. [40] for the water-Al2O3 nanofluid flow inside a horizontal tube at φ=1
vol.%, Re=1300 and q"=9000 W/m 2 . The results are presented in Fig. 4 and as can be seen, there is a good consistency between the results which indicates that the numerical method is valid. In addition, to ensure that the applied meshing for the STHX with helical baffles is appropriate, the results obtained from the current simulation were compared with those reported by Zhang et al.
[39] for middle-overlapped helical baffles (i.e., overlapping value of 0.5) at two helix angles of 30 and 50°, the results of which have been listed in Table 3 , and as can be seen, there is a good agreement between the results. It should be noted that to make this comparison, the conditions have been considered similar to those presented in the study performed by Zhang et al. [39] (i.e., the conductive-320 oil flowing through the shell-side of the heat exchanger with the mass flow rate of 3.5 kg/s).
Modeling and optimization
Neural network
Multilayer perceptron neural network was used to model the convective heat transfer coefficient and pressure drop per unit length in terms of helix angle, overlapping and nanoparticle concentration ( generating required data for training the network, evaluating different structures of the neural network to choose the optimal one, and eventually, testing the neural network using the data not being used previously for training the network.
Backpropagation algorithm, quasi-Newtonian training method and regularization technique were adopted in this modeling. This study benefits from Mean Relative Error (MRE), maximum absolute error and coefficient of determination (R 2 ) to study performance of the neural network.
Moreover, tan-sigmoid activation function was used in the hidden layers while linear activation function was employed in the output layer. Quasi-Newtonian method is based on Newtonian method but there is no need to calculate second derivatives. An approximate Hessian matrix is updated in each iteration of the algorithm.
Although the neural network may fit the training data properly, it might be exposed to great error when network validity is evaluated by new data. This problem is called overfitting. It is possible to prevent this problem and improve network generalization by modifying the performance function and the performance function is modified in regularization technique. Performance function is used to calculate the error during the training of the network. The most often used performance function which is applied for feedforward neural networks is mean sum of squares of the network errors which is defined as below:
( ) (27) where i e is the difference between desired value and value predicted by the model for each pattern.
In order to modify the performance function, a term including mean of the sum of squares of the network weights was added to the performance function to make the new function as follows:
where msw is the mean of the sum of squares of the weights and γ is the performance ratio.
Using this performance function causes the neural network to have smaller weights and biases, such that the network will generate smoother answers and thus, network generalization will be improved.
Optimization method
Genetic algorithm was employed to find the optimum parameters, while optimization was conducted on the neural network model. The purpose of optimization in this study is to achieve maximum heat transfer along with minimum pressure drop.
In multi-objective optimizations, a set of cases are obtained as the optimal points, while they have no preference over each other. Therefore, in this research, in addition to performing twoobjective optimization, decision making method of compromise programming was coupled with genetic algorithm in order to facilitate the choosing process among various cases. In this approach, the objective functions are combined together and the problem transforms into a single-objective optimization.
The following equation must be minimized in this technique [41] . Functions Z are objective functions which must be maximized, whereas functions W are those which must be minimized.
Superscript "*" denotes the best value for that objective function, while superscript "‾"
represents the worst value for that objective function. Coefficient b is the distance parameter which is in the range of 1 b ≤ ≤ ∞ and in this study, it is taken equal to 2. Coefficients α denote relative importance of the objective functions in comparison with each other. It means that the decision about which objective function of the problem is more important is made before performing the optimization. In fact, the compromised function introduced in Eq. (29) is used in genetic algorithm and importance of each of the objective functions can be modified by changing the α coefficients.
Results and discussion
Physical discussions on results
In this research, the two-phase mixture model is utilized to simulate the flow and heat transfer of the water-Al2O3 nanofluid numerically in STHX with helical baffles. The effect of parameters such as nanofluid concentration, helix angle and overlapping between baffles on the convective heat transfer and pressure drop is investigated. Eventually, in order to achieve optimal cases with maximum heat transfer and minimum pressure drop, the optimization is performed by means of genetic algorithm coupled with compromise programming technique on the model developed from neural network. Moreover, besides providing a more efficient heat transfer, the nanofluid which is flowing between the tubes incorporates a relatively uniform distribution of temperature which can prevent thermal stresses due to very large temperature difference in STHX.
In Figure 8a , and thus, the fluid will experience a more severe mixing. This means that at smaller helix angles, the velocity vectors in the transverse cross section of STHX (i.e., the velocity component perpendicular to pipes axis) will be greater. It is also noticed that the convective heat transfer coefficient increases by increasing the overlapping. However, the important issue here is that the effect of the overlapping change on the convective heat transfer coefficient is rather severe at smaller helix angles, such that by increasing the overlapping from 0 to 0.6, the amount of enhancement in the convective heat transfer coefficient for the helix angles of 30 and 50° is 5.5
and 2%, respectively.
In Figure 9a , the pressure drop per unit length of STHX is shown in terms of baffles overlapping for different concentrations of the nanoparticles at β=42°. As can be seen, application of the nanofluids with a higher concentration leads to a greater pressure drop in STHX. The reason for such an observation could be attributed to the fact that the more the concentration of the dispersed nanoparticles, the greater the viscosity of the nanofluid. Meanwhile, in Figure 9a , it is seen that despite Figure 8a in which the rate of the enhancement in the convective heat transfer coefficient was decreasing by raising the nanofluid concentration, the rate of the enhancement in pressure drop is ascending by increasing the nanofluid concentration. For example at s=0.6, by increasing the concentration from 1 to 2% and from 4 to 5%, the pressure drop per unit length increases by about 1 and 3.2%, respectively. Moreover, it is observed in this figure that application of the baffles with larger overlapping generally leads to a greater pressure drop in STHX. As mentioned above, at greater values of overlapping, the flow strikes the baffles more severely and hence, a higher pumping power will be required due to the more intense mixing. Figure 9b depicts the effect of helix angle and baffles overlapping on the pressure drop per unit length of STHX for φ=5 vol.%. It is observed that at a constant overlapping, the greater the helix angle, the lower the pressure drop. The reason is related to the fact that as the helix angle increases, the flow behavior recedes from the cross flow state, which will in turn lead to less intense mixing in the flow. The more significant effect of variation in the overlapping on the pressure drop at smaller helix angles can be clearly seen in this figure, such that at the helix angles of 30 and 50°, by increasing the overlapping from 0 to 0.6, the amount of enhancement in the pressure drop is reported to be 105 and 38.6%, respectively.
Results related to modeling and optimization
As was seen, each of the parameters related to geometry and nanofluid (i.e., concentration of nanoparticles, baffles overlapping and helix angles), has different effects on the convective heat transfer coefficient and pressure drop in STHX. For instance, reduction of the helix angle will increase the pressure drop in addition to the heat transfer increment. Therefore, finding optimal conditions which could simultaneously lead to the maximum convective heat transfer and the minimum pressure drop seems to be rather essential. The first step in optimization of the problem under study is to find the models for the objective functions (i.e., convective heat transfer coefficient (h) and pressure drop (ΔP)) in terms of input effective parameters. For this purpose, the neural network was used, in which concentration of the nanofluid, baffles overlapping and helix angle were the inputs, while h and ΔP were the network outputs ( Figure 5 ).
The most significant part of modeling via neural network is to generate the data required for Figure 10 for the test data. The results are found to be very consistent, which implies that the neural network model is valid.
In order to obtain the optimal conditions with the maximum heat transfer and the minimum pressure drop, the optimization has been performed using the genetic algorithm on the model developed from the neural network. The problem under study is a two-objective optimization in which h and ΔP should be maximized and minimized, respectively. Pareto diagram and 15 optimal states obtained from optimization have been presented in Figure 11 and Table 4, respectively. In addition to the optimal values of the objective functions, the values related to the input variables which lead to these optimal states have also been reported in Table 4 .
The optimal cases obtained from the two-objective optimization using the above mentioned method have no advantage over each other and there is no specific criterion for decision making among them. Therefore, genetic algorithm coupled with compromise programming technique was utilized to facilitate the process of selecting among the optimal states for the decision maker, in which the objective functions are combined with each other and the problem is converted to a single-objective optimization. Since there are two objective functions in this research (one for the convective heat transfer coefficient which must be maximized and the other for the pressure drop which must be minimized), Eq. (29) is converted to the following form:
According to the above equation in which coefficients α indicate relative importance of the objective functions, this problem has been solved for different combinations of the coefficients α.
In fact, D2 is the new objective function which must be minimized. Table 5 summarizes the optimal states obtained from this method. It should be noted that α1 and α2 denote the relative importance of the objective functions related to the convective heat transfer coefficient and pressure drop, respectively, and their sum must be equal to 1.
It is observed that when all the importance is assigned to the objective function of pressure drop (i.e., first row of the table), concentration and baffles overlapping are obtained in their minimum values, whereas the helix angle shows its maximum value. The reason is that as shown in Figure   9 , increasing the concentration and consequently, raising the nanofluid viscosity leads to greater pressure drop in STHX. Meanwhile, reduction of the helix angle and increasing the baffles overlapping will increase mixing in the heat exchanger and thus, the pressure drop. On the other hand, when the objective function of convective heat transfer coefficient is regarded to have the most relative importance (i.e., last row of the table), the conditions are completely vice versa as compared to the above case, such that both concentration and baffles overlapping have their maximum values, but the helix angle meets its minimum value.
With increase in the relative importance of the objective function of heat transfer (i.e., with increasing the value of α1), the concentration increases rapidly and reaches its maximum value (i.e., φ=5 vol.%), while the helix angle decreases gradually and reaches its minimum value (i.e., Although the flow and heat transfer characteristics of the nanofluid were evaluated in STHX with helical baffles in this contribution and the optimal states were proposed to achieve the maximum heat transfer and the minimum pressure drop, regarding the very few studies conducted on nanofluids flow in such geometries, further numerical and experimental investigations are needed to be performed to characterize behavior of nanofluids in this type of heat exchangers.
Conclusion
Hydrothermal characteristics of the water-Al2O3 nanofluid were assessed in STHX equipped with helical baffles using the two-phase mixture numerical method. Increasing concentration of the nanoparticles, increasing the baffles overlapping and also reducing the helix angle all led to greater values of heat transfer and pressure drop. The effect of changing the overlapping on the convective heat transfer coefficient and the pressure drop is more significant at smaller helix angles. By means of neural network, the models of convective heat transfer coefficient and pressure drop of the nanofluid in STHX were found with a very good accuracy in terms of the effective parameters, namely concentration of the nanoparticles, baffles overlapping and helix angle, and were used as the objective functions in the optimization. The results obtained from optimization revealed that due to the greater effect of overlapping on the pressure drop in comparison with its effect on the heat transfer, using great overlapping values is suggested only when heat transfer improvement is significantly more important than the pressure drop reduction.
In addition, high concentrations of the nanofluid can even be employed when a low pressure drop is really important. Moreover, when both high heat transfer and low pressure drop are important, a small helix angle can be used. 
Table 3
Comparison between the results of current study with those reported by Zhang et al. [39] Table 4 Optimal cases obtained from genetic algorithm. 
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